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Abstract

Nanoparticles are generally defined as particles having one or more dimensions
of sizes ranging from 1 to 100 nm. Nanoparticles can be classified into organic,
inorganic and carbon-based materials. In comparison with conventional micro-
size particles, nanoparticles show enhanced properties, such as high reactivity,
strength, surface area, sensitivity and stability due to their nanosize. Various
preparation methods, viz. physical, chemical and mechanical, have been
employed to synthesize different nanoparticles. This chapter presents an over-
view on nanoparticles and their types, properties, synthesis methods and
application in bioconversion of biomass into biofuels.
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5.1 Introduction

Nanotechnology has been a topical subject in the academia and industrial communi-
ties for the past years (Zhang et al. 2013; Romero and Moya 2012; Margulis-Goshen
and Magdassi 2012; Moreno-Vega et al. 2012). This technology offers a new dimen-
sion to a science of working and manipulating materials having a size of 100 nm or
less at least in one dimension (Zhang et al. 2013). With respect to their nanosize,
these materials are recognized by their unique properties, viz. physicochemical and
mechanical properties such as reactivity, tenacity, elasticity, strength and excellent
electrical and thermal conductivities. These nanomaterials can easily be employed
in a wide range of fields including crop production, cosmetics, drug delivery, pho-
tonic crystals, analysis, food, coatings, paints, bioremediation, catalysis and mate-
rial science. The nanomaterials’ size, shape and morphology play a significant role
on their properties; therefore, more research has been dedicated in finding means to
fine-tune these properties (Romero and Moya 2012; Lépez-Serrano et al. 2014). For
example, gold (Au), platinum (Pt), silver (Ag) and palladium (Pd) nanoparticles all
with a size of 20 nm have characteristic colours, i.e. wine red, yellowish-grey, black
and dark black colours, respectively (Khan et al. 2017). The overall shapes can be
0D, 1D, 2D or 3D.

Nanotechnology can simply be defined as the science of designing, synthesizing
and characterizing nanomaterials as well as their applications. Since the introduc-
tion of the term “nanotechnology”, there has been a lot of reports based on the clas-
sification, preparation and characterization of nanomaterials. Different synthesizing
routes have been developed in order to control the size, structure and morphology of
the resulting nanomaterials. These include chemical vapour deposition (CVD), sol-
gel technique and mechanochemical processes. The preparation route depends on
the resulting nanoparticle type and properties and thus intended application.
Inorganic nanoparticles such metal oxides are often produced via wet chemistry,
sol-gel, chemical microemulsion, hydrothermal, solvothermal, microwave-assisted
combustion, sonochemical and direct precipitation, whereas carbon-based nanoma-
terials are usually produced through techniques such as arc discharge (AD), laser
ablation and chemical vapour deposition (CVD). In the case of graphene nanosheets,
techniques such as chemical, mechanical and thermal exfoliation are used. Despite
the success that has been made on the production of various nanomaterials, the use
of green methods in order to produce these materials has been one of the major
research activities for the past decade (Shao et al. 2018; Logeswari et al. 2015). In
this case, the plant extract or natural material is either used as reducing or stabilizing
agent for nanoparticle production. Chitosan and alginate were recently reported as
a suitable stabilizing and reducing agent in synthesizing silver nanoparticles
(AgNPs) (Shao et al. 2018; Logeswari et al. 2015; Mokhena and Luyt 2017a;
Mokhena and Luyt 2017b).
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Nanotechnology application in biofuel production provides very intriguing
solutions to some challenges faced in this field. Nanomaterials can be used as
favourable carriers to immobilize some catalyst in order to facilitate their recovery
from liquid phase by filtration or centrifugation (Zhang et al. 2013). For instance, it
was demonstrated that modified nanosphere silica realizes the extraction from alive
microalgae without harm which avoids recultivation by sending the microalgae
back for lipid accumulation (Lin et al. 2009). Moreover, nanoparticles can be used
directly as heterogeneous catalysts in order to improve the biofuel conversion yields
and resultant fuel quality (Wen et al. 2010). Nanoparticles such as CaO, Al,O; and
MgO are already being recognized as heterogeneous catalysts with conversion rate
of more than 99% with less amount of oil (i.e. “1%) (Zhang et al. 2013; Wen et al.
2010; Venkat Reddy et al. 2006). There has been quite a lot of publications, reviews
and book chapters covering the use of nanoparticles in order to facilitate the biofuel
production and resultant fuel quality (Zhang et al. 2013; Lee et al. 2015). This
chapter presents an overview on nanoparticles and their types, properties, synthesis
methods and application in bioconversion of biomass into biofuels.

5.2 Classification

Nanoparticles can be classified either by source (natural or anthropogenic); chemi-
cal composition (organic or inorganic); synthetic route (biogenic, geogenic, anthro-
pogenic and atmospheric); their shape, size or structure; or their applications
(Romero and Moya 2012; Margulis-Goshen and Magdassi 2012; Khan et al. 2017;
Cui et al. 2018). In this chapter, we reviewed the nanoparticles based on their chem-
ical composition as discussed below. In general, the fabrication/preparation of the
nanoparticles can either be “bottom-up” or “top-down” approach as schematically
presented in Fig. 5.1. Bottom-up approach as reflected by its name involves building
up NPs from single molecule or atom, e.g. sedimentation and reduction techniques.
In this context, precursor or source is used as simple substance to synthesize NPs
either by sedimentation or reduction. Examples include sol-gel, biosynthesis, spin-
ning and pyrolysis. On the other hand, top-down approach involves breaking down
bulk materials into smaller units which are further converted into suitable NPs.
Examples include milling, CVD, physical vapour deposition and decomposition
processes.

5.2.1 Organic Nanoparticles

Organic nanoparticles feature unique properties such as biodegradability, biocom-
patibility and high stability in biological fluids (Romero and Moya 2012; Margulis-
Goshen and Magdassi 2012; Moreno-Vega et al. 2012). These particles are available
in nature as protein aggregates, lipid bodies, milk emulsions or more complex orga-
nized structures such as viruses, etc. Organic nanoparticles have been used as a part
of different industrial products, such as food (e.g. creams, chocolate and cakes) and
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Fig.5.1 Schematic presentation of synthetic routes for NPs

cosmetics (as nanoemulsions), and in pharmaceutical formulations (viz. liposome
vectors, polymersomes and polymer-protein and polymer-drug conjugates). Organic
nanoparticles are often fabricated by both “top-down” and “bottom-up” approaches
as discussed in the next sections (Romero and Moya 2012; Margulis-Goshen and
Magdassi 2012; Cui et al. 2018).

5.2.1.1 Synthesis of Organic Nanoparticles

The “top-down” approach such as milling, lithography and microfluidics is often
used to physically reduce the size of bulk material into nanomaterials (Romero and
Moya 2012; Rolland et al. 2005). Milling is the most used process especially for
drug NPs made from poor water-soluble compounds. The limitations of the milling
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process include unavoidable contamination of the produced NPs and their wide size
distribution. Elsewhere, it was demonstrated that a wet milling process can be
employed to produce particles having sizes of 230 nm from poor water-soluble drug
crystals (Sigfridsson et al. 2011). The obtained NPs were chemically stable for
10 months in both room temperature and when refrigerated and physically stable
(particle size) for 10 months under refrigeration and 3 years at room temperature.
Microfluidic and lithography are often employed in order to gain more control over
the size and the shape of the resulting NPs. A very general top-down approach,
particle replication in nonwetting templates (PRINT), was used to fabricate
monodisperse particles with simultaneous control over structure (i.e. shape, size
and composition) and function (i.e. cargo, surface structure) by Rolland et al.
(Rolland et al. 2005). They prepared monodispersed NPs of poly(ethylene glycol
diacrylate), triacrylate resin, poly(lactic acid) and pyrrole having sizes below
200 nm. Considering the compatibility of PRINT with other synthetic schemes
(free radical polymerization, metal-catalysed high-temperature reaction, oxidative
coupling using strong acids), it demonstrated its chemical flexibility and tolerance
which is important for production of NPs for various applications.

Bottom-up approach is based on building NPs through physicochemical
processes, starting from single molecule or atoms (Romero and Moya 2012). It
involves single atom or molecule combining via synthetic chemistry and self-
organization to produce various organic nanoparticles, such as micelles, vesicles
and liposomes, polymersomes, polymer conjugates, dendrimers, capsules and poly-
meric NPs (Romero and Moya 2012).

5.2.2 Inorganic Nanoparticles

5.2.2.1 Metal Oxide and Metallic Nanoparticles

Metal and metal oxide nanoparticles include silver, silver oxide, copper oxide, mag-
nesium oxide, ZnO, Fe;0, and many more (Jamdagni et al. 2018). Metal oxide
nanoparticles feature unique characteristics such as antifungal, antimicrobial, opti-
cal absorption, large surface-to-volume ratio, semiconducting and chemical-sensing
properties. In addition, their non-toxicity and biocompatibility characteristics offer
them opportunity to be applied in different fields such as biomedical, food packag-
ing, biofuel conversion and agriculture. Several researchers have investigated the
small-scale production of metal and metal oxide NPs using chemical, green, physi-
cal and a combination of these methods with some showing a great potential for
large-scale production (Jamdagni et al. 2018) (Table 5.1).

5.2.2.1.1 Synthesis of Metal and Metal Oxide Nanoparticles

Several methods have been applied to synthesize metal and metal oxide nanoparti-
cles, such as physical, chemical, enzymatic and biological methods(Ahmed et al.
2017). Physical methods include plasma arcing, ball milling, thermal evaporation,
spray pyrolysis, ultrathin films, pulsed laser desorption, lithographic techniques,
sputter deposition, layer-by-layer growth and diffusion flame synthesis. Chemical
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methods include electrodeposition, sol-gel process, chemical solution deposition,
chemical vapour deposition, Langmuir-Blodgett method, soft chemical method,
hydrolysis, co-precipitation and wet chemical methods. One of the most widely
used chemical syntheses is co-precipitation (Dobrucka and Dlugaszewska 2016). In
this case, the metal oxide precursor is mixed with stabilizing agent to form nanopar-
ticles. Chemical synthesis is disadvantageous because it requires hard labour and is
time consuming and costly (Dobrucka and Dlugaszewska 2016). Moreover, the
chemical used is toxic and may contaminate the resulting NPs and produces large
amount of secondary wastes. In solvothermal method, two steps are involved: (i)
NPs are synthesized from chemical method and (ii) then calcined at high tempera-
tures. In this method, it is possible to control the size, shape and crystallinity of the
metal oxide or metal nanoparticles by changing the experimental conditions such as
temperature, reaction time, solvent type, surfactant type and precursor type.
Hydrothermal synthesis has also been utilized to fabricate metal or metal oxide
nanoparticles (Yu and Yu 2008; Yu et al. 2009). Similar to solvothermal method, it
involves high temperatures and pressures (in autoclave), but the solution is non-
aqueous (Yu and Yu 2008). Yu and Yu (2008) synthesized hollow spheres of ZnO
nanoparticles by hydrothermal approach from a mixture of sugar and ZnCl,. This
mixture was treated at 180 °C for 24 h and then calcined in air at 500 °C for 4 h. The
average diameter of as-prepared microsphere was 10 pm (Fig. 5.2a) which drasti-
cally decreased to about 800 nm after calcination (Fig. 5.2b). The hollow spheres
had shell thickness of about 60 nm (Fig. 5.2c) which were polycrystalline (inset in

200nm

10nm

Fig. 5.2 SEM images of the ZnO hollow spheres prepared before calcination (a) and after calci-
nation (b) at 500 °C for 4 h. TEM image (c), high magnification. TEM image (d) and SAED pat-
tern (inset in ¢) of the ZnO hollow spheres prepared and calcined at 500 °C for 4 h. (Reprinted with
permission from Yu and Yu 2008 with permission from American Chemical Society)
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Fig. 5.2a). It was observed that the hollow spheres were composed of randomly
aggregated nanocrystal particles with sizes of about 18 nm.

Biosynthesis is a new area of nanotechnology in which natural materials are used
to synthesize different nanoparticles (Jamdagni et al. 2018; Ahmed et al. 2017;
Dobrucka and Diugaszewska 2016; Matinise et al. 2017). These materials can be
used as either stabilizing or reducing agent or both. The economic and environmen-
tal benefit associated with this technique opens the door for future NP production
especially to overcome the challenges associated with chemical and physical
methods. Natural materials such as gelatine, alginate, chitosan and many more have
been studied for the synthesis of metal oxide nanoparticles as depicted in Table 5.1.
In general, the natural polymer or plant extracts are mixed with precursor and then
heated under certain temperature and for a given period to obtain NPs (Jamdagni
et al. 2018; Matinise et al. 2017). The extracts or natural polymers may act as either
reducing agent or stabilizing agent or both.

Another strategy to synthesize NPs involves sol-gel technique (Tamilselvi et al.
2013). This process is divided into two reaction steps (considered as chemical
method), namely, hydrolysis and condensation. Hydrolysis is when hydroxyl groups
(—-OH) are produced, whereas condensation involves polycondensation of the
formed hydroxyl groups and residual alkoxy groups to form a 3D network
(Mtibe et al. 2018). These steps solely depend on the presence of catalyst, type and
concentration as well as the ratio of water and alkoxide. The sol-gel can further be
classified into (i) hydrolytic route which involves water as ligand and solvent and
(i1) nonhydrolytic route which involves ethers, alcohols and ketones as oxygen
donors (Mtibe et al. 2018). The sol-gel technique offers the processor the opportu-
nity to control the properties of the resulting nanoparticles through large number of
parameters such as pH, temperature, hydrolysis and condensation rate of the metal
oxide precursor, the nature and concentration of anions, the method of mixing and
the mixing rate (Mtibe et al. 2018). The advantage of this technique includes a
control on particle-size distribution, choice of precursor, high yield and low overall
production cost (Tamilselvi et al. 2013).

Chemical vapour deposition (CVD) is known as a parent to a family of processes
used to coat almost any metallic or ceramic compound, including elements, metals
and their alloys and intermetallic compounds (Guo et al. 2011; Carlsson and Martin
2010; Wang 2011). It involves a solid material being deposited from a vapour by a
chemical reaction occurring in the vicinity of a normally heated substrate. The
resulting solid materials include thin films, powder or single crystal. It is recognized
that by varying the experimental conditions, substrate material, substrate tempera-
ture and composition of the reaction gas mixture, total pressure gas flows’ different
materials having a wide range of physical, tribological and chemical properties can
be produced (Guo et al. 2011; Carlsson and Martin 2010; Wang 2011). The CVD
process includes chemical vapour deposition, metal-organic chemical vapour depo-
sition, low-pressure chemical vapour deposition, laser chemical vapour deposition,
photochemical vapour deposition, chemical vapour infiltration, chemical beam epi-
taxy, plasma-assisted chemical vapour deposition and plasma-enhanced chemical
vapour deposition. The most used methods are thermal chemical vapour deposition,
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plasma-enhanced chemical vapour deposition and laser chemical vapour deposition
(Carlsson and Martin 2010). This technique has been employed in the production of
oxides, nitride and carbide nanopowders.

Spray pyrolysis involves the particle formation through atomization of liquid
feed in a spray nozzle, combustion of the precursor, evaporation and decomposition
of the metal precursor molecules and then nucleation of the particle clusters and
growth of particles by condensation and coagulation (Nemade 2014; Meland et al.
2006; Patil 1999). Flame pyrolysis can be utilized to produce metal oxide
nanoparticles with large surface through flame conditions and the burner design.
The properties of the resulting NPs can further be modified by changing the
conditions during the synthesis. For instance, the rutile phase appeared when the
preparation temperature was increased and surpassed anatase when temperature
was above 1000 °C; however, below 800 °C rutile was not observed (Seo et al.
2006). In addition, the average sizes of the crystallite increased with an increase in
preparation temperature. This method is capable of yielding high-purity homoge-
neous samples, and up-scaling is possible (Meland et al. 2006).

5.2.3 Carbon-Based

5.2.3.1 Graphene

Graphene is recognized as a monolayer of graphite consisting of a honeycomb
network of sp>hybridized carbon atoms (Goriparti et al. 2014; Kucinskis et al.
2013). The carbons are bonded into 2D sheets having nanometre thickness (single-
atom thickness). It has distinctive properties which include high electrical conduc-
tivity, good mechanical properties, large surface area and high values of charge
mobility, hence receiving unprecedented interest from various fields such as chem-
ical, physical, biological and engineering sciences (Goriparti et al. 2014; Kucinskis
et al. 2013). Graphene can be fabricated using various methods, such as microme-
chanical exfoliation of highly oriented pyrolytic graphite with or without previous
processing surface, epitaxial growth, chemical vapour deposition (CVD) and
reduction of graphene oxide (GO) (Goriparti et al. 2014; Kucinskis et al. 2013).
The most preferable route is the reduction of GO because this process is the most
suitable for large-scale production.

5.2.3.1.1 Synthesis of Graphene

Natural graphite also known as expandable graphite is one of the carbon-based
material used to produce graphene by various exfoliation processes such as mechan-
ical, chemical or electrochemical and thermal exfoliation techniques. These tech-
niques can be used alone or in combination in order to produce graphene of
high-quality and fine-tuned morphology or structure. Mechanical exfoliation or
micromechanical cleavage is the most used method to obtain graphene layers. This
is the first method which was reported for graphene layers’ production using scotch/
adhesive tape by repeated peeling of graphite crystal (Novoselov et al. 2004).
Another mechanical technique involves rubbing multilayer graphene against a flat
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surface to obtain a single graphene layer (Mtibe et al. 2018; Bonaccorso et al. 2012).
The use of atomic force microscopy (AFM) tip by gluing graphite on it and scratch-
ing on Si substrate also offers the production of 2D graphene layers (Bonaccorso
et al. 2012). This method, however, offers minimal control over separation and num-
ber of resulting graphene layers; hence, it is still difficult for most of these mechani-
cal techniques to be realized as scalable and cost-effective (Mtibe et al. 2018;
Bonaccorso et al. 2012).

Chemical exfoliation involves the use of strong oxidants and acids to oxidize
graphite through Hummers, Staudenmaier and Brodie methods or by electrochemi-
cal oxidative exfoliation of bulk natural graphite (expandable graphite) to yield
expanded graphite (EG) or graphite oxide (GO) (Mtibe et al. 2018; Cooper et al.
2014; Zhong and Swager 2012). The oxygen functionality on GO facilitates the
dispersion of the sheets in aqueous and organic solvents, however at the expense of
electronic conductivity of graphene. The disadvantage of chemical process is the
use of harsh chemicals, which are not environment friendly and not easy to handle,
and the long production periods associated with this process (Mtibe et al. 2018;
Cooper et al. 2014; Zhong and Swager 2012). Thermal exfoliation involves the
exposure of expandable graphite to rapid heat, and thus, forcing the graphite sheets
apart results in an enormous increase in volume and high surface area material with
low bulk density. The chemical and thermal processes can be used together to afford
maximum exfoliation of the expandable graphite.

X-ray diffraction (XRD), Raman spectroscopy, transmission electron micros-
copy (TEM) and scanning electron microscopy (SEM) are usually used to establish
the extent of exfoliation or the properties of the resulting graphene layer. Among
these techniques, TEM is the most reliable technique to elucidate the properties of
resulting material. For instance, the difference between the products obtained from
graphite electrode using ionic liquid-assisted electrochemical exfoliation was
reported by Lu et al. (2009). They studied time dependence of products exfoliated
from graphite in three different stages in the electrochemical exfoliation (Fig. 5.3)
using high-resolution TEM. Each stage resulted in different products as reflected by
colour change, and their structure is analysed by TEM. Stage I led to hexagonal-
shaped water-soluble and fluorescent carbon nanocrystals sized 8—10 nm (Fig. 5.4a).
The nanocrystals had a lattice spacing of 0.21-0.25 nm comparable to the (100)
facet of graphite (Fig. 5.4b). In stage I, fluorescent nanoribbons of 10 nm x (60 £ 20)
nm size with flat rectangular edges with some graphene were obtained. The nanorib-
bons had a lattice distance of 0.34 nm that corresponds to the (002) plane of graphite
(Fig. 5.4c, d), while ultrathin graphene sheets (200 nm x 500 nm) were obtained as
shown in Fig. 5.4e, f.

5.2.3.2 Carbon Nanotubes (CNTs)

Carbon nanotube features unique characteristics such as high electrical and thermal
conductivities and extremely large surface because of their 1D tubular structure
(Goriparti et al. 2014; Liu et al. 2012; Mubarak et al. 2014; Fang et al. 2016). CNTs
are recognized as cylinders consisting of rolled-up graphene sheets with hollow
central core having diameters on nanometer scale and end caps with a hemisphere
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Fig. 5.3 Time evolution of IL electrolyte and highly oriented pyrolytic graphite (HOPG) anode
during exfoliation in 60 wt % water/[BMIm][BF,] electrolyte. Stages I, II and III are shown cor-
respondingly in panels b, ¢ and d. Heavily expanded HOPG is obtained in panel f. (Copied from
Lu et al. 2009 with permission from American Chemical Society)

of fullerene structure. They are categorized into single-walled CNTs (SWCNTs)
and multi-walled CNTs (MWCNTs) based on the number of graphene layers. As
reflected by their names, SWCNTSs consist of a single graphene layer, while
MWCNTSs consist of two or more graphene layers with van der Waals forces
between these layers (Goriparti et al. 2014; Liu et al. 2012). In general, CNTs are
often synthesized using various techniques, such as arc discharge (Mubarak et al.
2014; Fang et al. 2016; Zhao et al. 2006), laser ablation (Choi et al. 2016; Bota et al.
2015; Vander Wal et al. 2003), gas-phase catalytic growth from carbon monoxide
and chemical vapour deposition (CVD) from hydrocarbons. Among these methods,
gas-phase methods such as CVD have a potential for large-scale production at fairly
low cost. Chemical bonding of CNTs consists of entirely sp? carbon-carbon bonds
which are stronger than the sp* bonds found in diamond, thus providing CNTs with
such remarkable mechanical properties (Young’s modulus of 1.2 TPa and tensile
strength of 50-200 GPa) (Goriparti et al. 2014; Liu et al. 2012).
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Fig. 5.4 TEM images of carbon nanoparticles (a, b), carbon nanoribbons (¢, d) and graphene
sheets (e, f) produced in the one-pot electrochemical exfoliation (Reprinted from Lu et al. 2009
with permission from American Chemical Society)

5.2.3.3 Synthesis of CNTs

Different types of CNTs can be produced using various techniques which include
electric AD, laser ablation and CVD. These techniques require carbon source, cata-
lyst and energy to produce CNTs. In the case of electric AD method, electric
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discharge is used as energy source with electric current ranging from 40 to 125 A
and potential difference ranging from 20 to 50 V (Fang et al. 2016; Zhao et al. 2006;
Kim and Kim 2006; Berkmans et al. 2015; Maria and Mieno 2015; Su et al. 2011,
2014). The graphite electrodes are placed close to each other (I mm) under inert
atmosphere (i.e. at a pressure of 500 Torr) (Mtibe et al. 2018). Moreover, the metal
catalyst such as cobalt, nickel, yttrium or iron and high temperatures (2000-3000 °C)
are required in order to evaporate the carbons from the electrodes (Mubarak et al.
2014; Fang et al. 2016; Zhao et al. 2012). The evaporated carbon is then condensed
in the cathode to form CNTs with diameters of 0.6—1.2 nm. The processors can vary
experimental parameters such as metal catalyst concentration, electrode gap, cur-
rent flow rate, temperature distribution gas type and gas pressure in order to afford
the production of either MWCNTs or SWNTs (Mubarak et al. 2014; Fang et al.
2016; Zhao et al. 2006; Kim and Kim 2006; Berkmans et al. 2015; Maria and Mieno
2015; Su et al. 2011). By varying the ratio of catalyst (yttrium and nickel) and car-
bon source concentration, different carbon-based materials were obtained (Berkmans
et al. 2015). It was revealed that a combination of SWCNT having a diameter of
~5.7 nm and single-walled carbon nanohorn (SWCNH) bundles sized about 25 nm
can be produced using arc discharge technique in an open air atmosphere which
makes this method cheaper and effective for hybrid carbon materials. However, low
yields and the quality of CNTs produced via this method limit its industrial produc-
tion (Mubarak et al. 2014; Berkmans et al. 2015; Su et al. 2011, 2014). The effect of
the ratio of gases, viz. carbon monoxide (CO) and helium, and pressure was inves-
tigated by Su et al. (Su et al. 2011). It was reported that impurities increased with an
increase in the concentration of CO in the gas mixture; however, the gas pressure
4 kPa can result in smaller diameters. Laser ablation uses the same principle as AD
but uses laser pulses as source rather than heat (Choi et al. 2016; Bota et al. 2015;
Vander Wal et al. 2003; Chrzanowska et al. 2015). It is recognized that the yield and
quality of the resulting CNTs depend on the laser power, catalyst and temperature
(Bota et al. 2015; Chrzanowska et al. 2015). In a similar manner, this technique suf-
fers from low yield and low quality of resulting material and requires high level of
purification process (Bota et al. 2015; Chrzanowska et al. 2015).

CVD merits special interest due to its capability for large-scale production of
high-quality and well-oriented CNTs (Ji et al. 2017; Marchand et al. 2013; Meysami
et al. 2013a). In this case, the carbon sources are the hydrocarbons methane, ethyl-
ene and benzene and metal catalysts Ni, Co and Fe. Furthermore, high temperature
is also required for the production of CNTs. In this regard, the hydrocarbons’ cata-
lytic decomposition on monolayer metal catalyst is carried out at temperatures 700—
900 °C to form CNTs. The quality of CNTs, yield and structure can be improved by
using a single or more metal catalyst. Quite a lot of studies have been carried out to
modify CVD in order to improve growth rate, quality and yield as well as to produce
different types of CNTs. These modified systems include aerosol-assisted chemical
vapour deposition (AACVD) (Marchand et al. 2013; Meysami et al. 2013a, b,
2015), plasma-enhanced chemical vapour deposition (PECVD) (Ji et al. 2017),
hydrogen-free spray pyrolysis CVD (Ionescu et al. 2011), catalytic CVD (Almkhelfe
et al. 2017; Maruyama et al. 2016; Miura et al. 2018), low-temperature CVD
(Maruyama et al. 2002) and alcohol combustion CVD (Hou et al. 2017).



128 T.C. Mokhena et al.

5.3 Characterization

Chemical composition, structure, size and shape play significant role on the proper-
ties of resulting NPs; thus, several analytical techniques were utilized to character-
ize these properties (Hoo et al. 2008).

5.3.1 Size Determination

NPs are often characterized based on their size, morphology and surface charge
using various microscopic techniques, such as scanning electron microscopy
(SEM), transmission electron microscopy (TEM), scanning tunnelling microscopy
(STM) and atomic force microscopy (AFM) (Hoo et al. 2008; Binnig and Rohrer
1983). TEM and SEM are essential for providing information based on the NPs’
surface, crystal structure, elemental composition, size and shape. It is recognized
that the treatment of the sample before the analysis (coating, drying, staining, etc.)
and vacuum conditions in the chamber may result in imaging artefacts. Field
emission scanning electron microscopy (FESEM) can overcome these limitations
by imaging samples which are not pretreated; however, in most cases, the samples
are still treated. On the other hand, AFM provides information based on the size,
morphology and surface texture and roughness (Hoo et al. 2008). However, AFM
may overestimate the dimensions of the NPs especially when the geometry of the
tip is larger than the NPs themselves. In the case of STM, atoms and molecules
made up of NPs can be identified by alternating the environment that the specimen
is observed, such as vacuum, liquid environment or gaseous environment (Binnig
and Rohrer 1983).

Light scattering techniques (e.g. dynamic light scattering (DLS)) are mostly
employed to establish the NPs’ size (Hoo et al. 2008; Glatter 2018). Dynamic light
scattering (DLS), also known as photon correlation spectroscopy, is the most used
technique to determine the size of the particle in colloidal suspensions. The sus-
pended particles undergo random Brownian motion; hence, the light scattered off
the particles in suspension renders calculation of particle size. The calculation is
obtained from analysing fluctuation intensities of the light scattered by the particles
during irradiation by a laser beam (Glatter 2018; Ramos 2017).

X-ray-based methods include X-ray absorption (XAS), X-ray fluorescence
(XRF), X-ray photoelectron spectroscopy (XPS), energy-dispersive X-ray spectros-
copy (EDS), small-angle X-ray scattering (SAXS) and X-ray diffraction (XRD)
(Balasubramanian et al. 2014; Dao et al. 2015). These techniques are often used
to provide information about surface properties and coatings, crystallographic
structure, bonding environment or elemental composition. EDS and XPS are usu-
ally combined with either SEM or TEM to elemental assessment and quantitative
analysis (Dao et al. 2015). X-ray absorption is used to characterize unoccupied
electronic states, the chemical composition and the bonding environment in NPs
(Balasubramanian et al. 2014; Dao et al. 2015; Mottana 2014). XRD is used to



5 Nanomaterials: Types, Synthesis and Characterization 129

establish the crystal phase and crystallinity of the NPs (Balasubramanian et al.
2014). The comparison between patterns of the as-synthesized nanoparticles with
the standard (JCPDS data) gives information based on the structure and properties
of the resulting NPs (Balasubramanian et al. 2014). Spectroscopic techniques are
used in NPs with plasmon resonance by collective oscillations of their conduction
band electrons in response to electromagnetic waves (Dutta and Ganguly 2012;
Begum et al. 2018; Okitsu 2013). UV-visible is utilized to characterize the proper-
ties of metal NPs especially the size and shape as well as surface property in the
case of functionalized NPs (Begum et al. 2018; Okitsu 2013). This results from
plasmonic NPs absorbing radiations of visible to near-infrared region (NIR) depend-
ing on their size and shape. This character could be related to collective oscillation
of surface electrons of nanoparticles and known as surface plasmon resonance
(SPR) (Begum et al. 2018; Okitsu 2013). Because of the SPR property of the
nanoparticles, dispersed plasmonic NPs in suspension give one or more peaks that
can be used to extract valuable information with regard to the shape, size and size
distribution of the nanoparticles (Begum et al. 2018; Okitsu 2013).

Nanoparticle tracking analysis (NTA) is one of commonly used systems for par-
ticles of sizes below ~20-1000 nm, with the lower detection limit being dependent
on the refractive index of the NPs (van der Pol et al. 2014; Zhou et al. 2015; James
and Driskell 2013). It uses a highly sensitive CCD video camera to capture scattered
light from each NPs and track the Brownian motion of individual NPs to yield inde-
pendent size measurements (James and Driskell 2013). Yet another technique is
hyperspectral imaging which relies on scattering the obliquely incident visible and
near-infrared light in an enhanced dark field. It provides information based on spa-
tial distribution and spectral characteristics depending on NP type, at a sensitivity of
a single nanoparticle (size *10 nm) (Pena et al. 2016; Badireddy et al. 2012).

5.3.2 Quantification

NP quantification is another important step to understand the fate, behaviour and
occurrence of NPS in different environments. Different sensitive analytical tech-
niques have been used to detect and characterize nanoparticles as discussed in the
next section.

ICP spectrometry is commonly employed during NP synthesis because it is capa-
ble of determining the total element concentration of the colloidal solution (Scheffer
et al. 2008). Nowadays, it has been further extended to the size characterization of
NPs. ICP mass spectroscopy (ICP-MS) was recently used to establish the size dis-
tribution of nanoparticles. In this regard, the determination of discrete ion clouds
generated from the atomization of a single nanoparticle in the plasma causes an
intensity signal at the detector associated with the size of the particle (Scheffer et al.
2008; Degueldre et al. 2004; Degueldre and Favarger 2004). Single-particle ICP
(SP-ICP) is one of the analytical techniques used to determine NP concentration,
size and size distribution. It measures the intensity signal produced after ionization
of an individual particle rather than a continuous flow of ions reaching the plasma



130 T.C. Mokhena et al.

(de la Calle et al. 2017). ICP optical emission spectroscopy (ICP-EOS) has been
also utilized for NP analysis (Scheffer et al. 2008; Fischer et al. 2007).

Liquid chromatography mass spectroscopy (LC-MS) is commonly used to anal-
yse fullerenes in environmental matrices (Chen et al. 2008a). Since this technique
relies on the rate at which the NPs elute from the stationery phase over a mobile
phase gradient, the extraction of C60 has been exploited by its solubility in toluene
(Chen et al. 2008a).

Fourier transform infrared (FTIR) and Raman spectroscopy are also used for
identification of NPs. The most important range for NPs is the fingerprint region
which provides signature information of the sample. Surface-enhanced Raman
spectroscopy (SERS) is considered the new innovative method due to its signal-
enhanced capability via SPR phenomenon (Muehlethaler et al. 2015; Ma et al.
2011).

5.4 Applications of the Nanoparticles in Biofuels

Nanomaterials can be employed in biodiesel production from biomass as substrate
for lipid accumulation, lipid extraction and transesterification process as either cata-
lyst or catalyst support. Due to their high surface area, NPs have been applied as
immobilizing agent for lipids; thus, they can be easily recovered from liquid phase
by either filtration or centrifugation. Since organic solvents such as hexane and
methanol were mainly used in lipid extraction due to their strong affinity towards
lipids, immobilization of organic solvent-like chemical onto NPs provides easy
recovery and extraction of the lipids. Elsewhere, it was demonstrated that the modi-
fied nanosilica afforded the extraction of alive algae which can be sent back for
further lipid accumulation again (Lin et al. 2009). Some studies also revealed that
NPs enhance the growth of microalgae which improves lipid accumulation (Gao
et al. 2010). However, selection of the NPs has to be carefully considered in order
to avoid any negative effect on the microbes (Jin et al. 2007; Magrez et al. 2006;
Williams et al. 2006).

Transesterification is one of the most reliable and simple technologies applied in
biodiesel production (Lee et al. 2015). In this context, various oils from different
sources such as animal, plant or oleaginous microorganisms react with alcohol to
produce fatty acid methyl esters (FAMEs or biodiesel) (Lee et al. 2015). There are
two conditions in which the reaction takes place, viz. either severe high tempera-
tures and pressures or mild conditions at the presence of catalyst. In the latter, acids
(H,SO, and HCI) and base (NaOH and KOH) are often employed as catalyst for
biodiesel production in the lab and industrial scale, respectively (Xu et al. 2006;
Vicente et al. 2009; Ullah et al. 2009). The corrosiveness of the acids and soap for-
mation for base catalyst opened door for enzymatic biocatalyst lipase which is envi-
ronmentally friendly and efficient (Vicente et al. 2009; Ullah et al. 2009). However,
the cost associated with the use of this enzymatic biocatalyst has been recognized as
the major limitation that hurdles its success (Du et al. 2004; Pizarro and Park 2003;
Noureddini et al. 2005). Different propositions have been made to reduce the overall
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cost, such as reducing lipase production cost, enhancing its efficiency and reusing it
for more than once. The latter has been considered as a feasible route to reduce the
overall cost. In this regard, lipase has been immobilized on different carriers, which
include fibre cloth, acrylic resin, silica gel, hydrotalcite and micro- and macropo-
rous materials (Noureddini et al. 2005; Yang et al. 2006; Bai et al. 2006). In recent
years, nanomaterials received tremendous interest due to their unique attributes
such as large surface-to-volume ratio which can provide enormous surface area for
lipase immobilization. Different nanomaterials were reported to be employed for
lipase immobilization and had the capability of retaining the enzyme and improving
its efficiency, selectivity and stability as summarized in Table 5.2.

It was demonstrated that the activity of the lipase immobilized onto nanosized
silica was 93% after 7 months of storage as compared to 40% activity for free lipase
(Kwon et al. 2007). Elsewhere, the activity was further enhanced by immobilizing
lipase onto functionalized zirconia (~214%) and remained high as initially after
reusing for eight times (Chen et al. 2008b). Recent study by Li et al. (Li et al. 2018)
also demonstrated that other nanoparticles such as carbon nitride can also be uti-
lized for lipase immobilization. Carbon nitride (C;N,) as one of the types of two-
dimensional nanomaterials has the capability of immobilizing lipase to improve its
efficiency. It was reported that nanosheets for immobilization of lipase exhibited
satisfactory enzyme loading (44.76 mg/g), pH flexibility, thermostability (after
180 min at 50 °C, 67% of the initial activity remained) and recyclability (after
10 runs, 72% of the initial activity). The concern with regard to immobilization of
biocatalyst onto nanomaterials is the recovery of these materials which can end up
being cumbersome. In some studies, centrifugation has been used as a recovery
technique; however, it consumes a lot of energy and time. In order to easily recover
both nanomaterials and immobilized biocatalyst, the use of magnetic nanomaterials
has been a major subject in research in the past decades (Tsang et al. 2006; Konwarh
et al. 2009; Dyal et al. 2003; Solanki and Gupta 2011; Amirkhani et al. 2016; Netto
et al. 2009; Xie and Ma 2009). The magnetic nanoparticles can be easily recovered
by using external magnet, thus improving biocatalyst recovery and reusability.
However, the aggregation and the nature of chemical activity of magnetic nanopar-
ticles have been the major drawbacks (Amirkhani et al. 2016). One of the proposed
methods in order to solve these problems involves coating the magnetic NPs with
inorganic layers such as carbon and silica (Amirkhani et al. 2016; Lu et al. 2007;
Horak et al. 2007). Moghaddas and co-workers synthesized magnetic silica aerogel
support by iron oxide nanoparticles and sodium silicate precursors in a sol-gel pro-
cess followed by chemical modification and ambient pressure drying (Amirkhani
et al. 2016). A maximum adsorption capacity of lipase through physical adsorption
was about 81.9 mg/g.

Apart from enzymatic catalyst, heterogeneous catalysts (viz. calcined Li-CaO,
Mg-Al hydrotalcites, calcium oxides, magnesia-rich magnesium aluminate spinel,
Mg/Zr), which are solid acid or base, have been investigated in biofuel production
(Wen et al. 2010; Venkat Reddy et al. 2006; Wang et al. 2009; Sree et al. 2009).
Among these, nanocatalyst renders high catalytic efficiency and eases separation
from products. Biofuel production through transesterification using nanocatalyst
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Table 5.2 Selected studies on the immobilization of lipase

Lipase source

NP type

Synthesizing route
and highlights

Activity
remaining

(%)

Reusability

References

Candida
rugosa

MWCNTs

MWCNTs were
commercially
procured having
diameters of

30 +5nm

97

Shah et al.
(2007)

Candida
rugosa

Fe;0,

Co-precipitation
method to obtain NPs
having sizes of

10 +£2 nm

80

Solanki and
Gupta
(2011)

Candida
rugosa

710,

Chemical method
followed by
calcination to obtain
Zr0O, nanoparticles
having diameter of
~20 nm

214

Chen et al.
(2008b)

Candida
rugosa

Carbon
nitride
(C3Ny)

Thermal exfoliation
(oxidation) to obtain
2D graphene-like
nanosheets

~100

Lietal.
(2018)

Candida
rugosa

'Y-Fe304

Sonication of Fe(CO)
in decalin followed by
annealing to obtain
NPs of average size of
20 + 10 nm

<100

Dyal et al.
(2003)

Candida
antarctica

Fe;0,

Co-precipitation
resulted in nearly
cubic particles of
sizes ranging from 5
to 10 nm

200

Netto et al.
(2009)

Thermomyces
lanuginosus

SiO,

Sol-gel process
resulted in
mesoporous structure
having a pore size of
15 nm satisfying
lipase-chitosan
conjugation

93

Kwon et al.
(2007)

Candida
antarctica

Fe;O,

Co-precipitation to
produce almost
spherical NPs having
diameters of ~11.2 nm

70

Xie and Ma
(2009)

from various oils, which include plant oils and waste oils from selected studies, is
summarized in Table 5.3. It is recognized that the required nanocatalyst is 30% of
that of conventional catalyst to obtain similar reaction conditions. In addition, the
reaction was found to be not dependent on moisture and the free fatty acid content
(Venkat Reddy et al. 2006; Boz et al. 2009).
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5.5 Conclusion and Future Remarks

In this chapter, different fabrication methods for various nanomaterials and their
characterization as well as classification were presented. It can be concluded that
nanoparticles received tremendous interest towards biofuel applications due to their
inherited properties, such as particle size, larger surface area, tuneable porosity,
crystallinity, shape, compositions and many more. A wide variety of methods, such
as microscopic, X-ray-based, light-scattering, spectroscopic and other methods,
have been employed to establish these properties because they are of significance
with regard to their application. From microscopic viewpoint, TEM is the most
reliable technique to provide information on the size distribution and shape of
nanoparticles, whereas other quantification methods can also be used to complement
TEM especially towards the intended application.

Besides the fact that the utilization of the nanomaterials for advancement of
biofuel production is being in its infancy, there has been progress on applying
nanomaterials instead of organic solvent with regard to safety and health issues.
In addition, nanomaterials can enhance lipid production (by providing stress on
biomass) and lipid extraction (even without harming microalgae) and can be used as
biocatalyst carriers and/or as heterogeneous catalyst in oil transesterification to
biodiesel (Zhang et al. 2013). Further studies are, however, required to further our
understanding with regard to cost-effectiveness recycling and impact of these NPs
on the environment in order to avoid possible negative consequences on human and
other organism.
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